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Kidney-specific chromosome transfer in genetic hypertension: Several lines of evidence implicate the kidney in ge-
The Dahl hypothesis revisited. netic hypertension, but perhaps the most compelling evi-
Background. A central dogma in the field of essential hyper- dence derives from kidney cross-transplantation in rat
tension research is that the genetic transmission of increased
models. Kidney cross-transplantation has been performedblood pressure is determined solely by the genotype of the
between hypertensive and normotensive Dahl strainskidney. This concept is based in large part on studies in experi-
[1–3], Milan strains [4, 5], and Prague strains [6]. In addi-mental rat models of spontaneous hypertension in which trans-
plantation of a kidney from a hypertensive strain into a normo- tion, F1 hybrids derived from crosses involving spontane-
tensive strain was reported to increase blood pressure, and ously hypertensive rats and normotensive control strains
transplantation of a kidney from a normotensive strain into a (SHRWKY [7], and SHRspWKY [8–14]), have been
hypertensive strain was reported to decrease blood pressure.
used as recipients of donor kidneys from their respectiveThe enduring interpretation of these now classic experiments
hypertensive and normotensive progenitor strains. Theremains virtually unchanged from the view originally espoused
a quarter century ago by Lewis Dahl, one of the founding results of most renal cross-transplant studies are widely
fathers of the field of genetic hypertension research: “Blood believed to support the original interpretation of Lewis
pressure is determined by the genotype of the donor kidney Dahl’s studies in salt-sensitive and salt-resistant rats show-
and not the genotype of the recipient.” ing that “blood pressure is determined by the genotype
Methods. To test the Dahl hypothesis, we determined the
of the donor kidney and not the genotype of the recipi-blood pressure effects of selective intrarenal versus extrarenal
ent” [2]. That is, transplanting a kidney from a geneticallyexchange of single chromosome regions between the spontane-
hypertensive donor into a genetically normotensive recipi-ously hypertensive rat (SHR) and the normotensive Brown
Norway (BN) rat. ent increases blood pressure, and transplanting a kidney
Results. The replacement of a defined segment of chromo- from a genetically normotensive donor into a genetically
some 1 in the SHR with the corresponding chromosome region hypertensive recipient largely normalizes blood pressure.
of the BN rat was sufficient to attenuate hypertension when
Some evidence also suggests that in humans undergoingselectively achieved either inside the kidney or outside the
renal transplantation, the genotype of the donor kidneykidney.
determines the blood pressure of the recipient [15–19].Conclusions. The current finding (1) demonstrates that nat-
urally occurring genetic variants exist that can regulate blood However, in the Dahl model of hypertension, carefully
pressure when selectively expressed outside the kidney as well performed renal cross-transplantation studies by Mor-
as inside the kidney, and (2) compels reconsideration of the gan, DiBona and Mark have posed a serious challenge to
long-held view that in essential hypertension, the genetic trans-
the validity of Dahl’s conclusion that only the intrarenalmission of increased blood pressure is determined solely by
genotype influences the blood pressure of the recipientthe genotype of the kidney.
[3]. Given the work of Morgan et al, the general applica-
bility of the Dahl hypothesis to other animal models of
hypertension also may be open to question [3].† Deceased.
Congenic strains are genetically identical except for a
Key words: spontaneously hypertensive rat, congenic strains, trans-
single chromosome region. Thus, kidney cross transplanta-plantation, blood pressure, Brown Norway rat, experimental kidney
disease. tion between congenic rat strains provides a unique op-
portunity for transferring chromosome segments selec-
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because such studies can be performed in congenic strains ples of the Guide for the Care and Use of Laboratory
Animals (Department of Health, Education, and Wel-harboring the same major histocompatibility complex,
the risk of transplant rejection phenomena experienced fare) and were approved by the committee on animal
research of Wayne State University (Detroit, MI, USA).in renal cross-transplantation experiments involving con-
ventional strains of hypertensive and normotensive rats They were housed in a constant temperature room with
a 12-hour light and 12-hour dark cycle, and they hadcan be minimized.
Recently, St. Lezin et al transferred a segment of chro- free access to tap water, with or without additional salt
as described later in this article, and to the Laboratorymosome 1 from the normotensive Brown-Norway rat
onto the genetic background of the spontaneously hyper- Rodent Diet (diet #5001; manufactured by PMI Nutri-
tion International. St. Louis, MO, USA), except thattensive rat (SHR) to generate the SHR.BN-D1Mit3/Igf2
congenic strain [hereafter referred to as the “chromo- food was restricted the night before surgery.
some 1 congenic SHR” (CSHR)] [20]. The CSHR is
Experimental protocolsgenetically identical to the SHR except for the 22 cM
segment of chromosome 1 introgressed from the normo- Selective intrarenal or extrarenal chromosome trans-
fer was accomplished by reciprocal renal transplantationtensive Brown Norway strain [20]. The differential seg-
ment of chromosome 1 is known to be involved in the between the SHR and the chromosome 1 congenic
(CSHR; Fig. 1). Each transplant group was designatedregulation of arterial pressure as the systolic blood pres-
sure of the SHR is 10 to 15 mm Hg greater than that of by listing the name of the transplant recipient first in
upper case followed by a subscript with the name ofthe CSHR [20, 21]. However, it is unknown whether
genes within this segment of chromosome 1 affect blood the transplant donor strain in lower case. For example,
SHRcshr denotes an SHR recipient of a kidney from thepressure by way of expression inside the kidney, outside
the kidney, or both. The contemporary expectation congenic SHR strain. All kidney transplants were per-
formed in bilaterally nephrectomized recipients.based on previous renal cross-transplantation studies in
a variety of rat strains would be that the strain differences To control for the blood pressure effects of trans-
plantation, including the effect of renal denervation,in chromosome 1 genotype inside the kidney but not
outside the kidney are responsible for the strain differ- SHR and CSHR donor kidneys were transplanted into
bilaterally nephrectomized SHR and CSHR recipients,ences in blood pressure. To test this hypothesis, we per-
formed renal cross-transplantation studies between the respectively (group SHRshr N  8; group CSHRcshr N 6;
autotransplant controls). The two cross-transplant groupsSHR and the SHR chromosome 1 congenic strain. We
found that replacement of a defined segment of SHR consisted of bilaterally-nephrectomized SHR recipients
of CSHR donor kidneys (group SHRcshr, N  7) andchromosome 1 with the corresponding chromosome re-
gion of the BN rat was sufficient to attenuate hyperten- bilaterally nephrectomized CSHR recipients of SHR do-
nor kidneys (group CSHRshr, N  7). To control forsion when selectively achieved either inside the kidney
or outside the kidney. the blood pressure effects of a single kidney without
transplantation, we also studied unilaterally nephrecto-
mized SHR and CSHR (group SHRuni N  9; groupMETHODS
CSHRuni N  6). Only males were used, and the donors
Animals and animal care and recipients were age matched (6 to 8 weeks old) at
the time of transplantation.Rats of the SHR and CSHR (SHR.BN-D1Mit3/Igf2
chromosome 1 congenic) strains were obtained from col-
Kidney transplantationonies maintained at the University of California, San
Francisco (CA, USA). The CSHR strain was derived The techniques for harvesting and transplanting kid-
neys have been described in detail previously [22]. Be-from a progenitor strain of SHR (SHR/Ola) by a selec-
tive breeding protocol in which a segment of chromo- cause the current transplants were performed between
strains that harbor the same major histocompatibilitysome 1 from the normotensive Brown-Norway (BN/Cr)
strain was transferred onto the genetic background of complex on chromosome 20, no immunosuppressive
agents were used in these studies. Briefly, donors andthe progenitor SHR as previously described [20]. After
10 generations of backcross breeding to the progenitor recipients were anesthetized and maintained on a surgi-
cal plane of anesthesia with Na pentobarbital (initialSHR strain, the congenic strain was fixed using the mark-
ers D1Mit3 and Igf2 and then maintained by brother  dose45 mg/kg body wt given via a tail vein). The donor
rat was heparinized (100 milliunits in 0.1 mL, IV), andsister mating. DNA microsatellite marker analysis has
shown that the congenic strain is genetically identical to the left kidney was removed after it was flushed via the
aorta with 5 mL of an ice-cold solution (150 mmol/Lthe progenitor strain except for a 22 cM segment of
chromosome 1 transferred from the BN/Cr strain [20]. NaCl and 200 mmol/L mannitol, pH 6.4). The donor
kidney was kept in ice-cold flush solution while preparingAll rats were cared for in accordance with the Princi-
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recipient’s ureters were anastomosed end-to-end. After
removal of the right kidney, the abdominal wall was
closed with a continuous 6-0 prolene suture. The skin
was closed with interrupted 4-0 silk sutures, and the rat
was put in a recovery cage with access to food and water.
Blood pressure monitoring
Six to 10 days post-transplant, the recipients were an-
esthetized (Na pentobarbital, 45 mg/kg body wt given
via a tail vein) and instrumented for continuous blood
pressure monitoring by radiotelemetry [23, 24]. After a
six- to eight-day recovery period, the recipients were
housed individually in polycarbonate cages placed on
radioreceivers connected to a microcomputer running
the Dataquest software package (Data Sciences Interna-
tional, Minneapolis, MN, USA). Pulsatile arterial blood
pressure and heart rate were recorded for a five-second
interval every five minutes throughout the day and night
for eight weeks. In order to determine the blood pressure
response to increased dietary salt, a 1% NaCl solution
was substituted for tap water during the seventh week.
Clearance studies
After eight weeks of blood pressure monitoring, renal
function was measured by clearance techniques [25].
Briefly, rats were anesthetized and maintained on a surgi-Fig. 1. Experimental design for selective chromosome transfer inside
the kidney or outside the kidney. (A) Transplantation of a kidney from cal plane of anesthesia with Na pentobarbital (initial
the donor SHR congenic strain (that harbors a segment of Brown dose 45 mg/kg body weight given via a tail vein). TheNorway (BN) chromosome 1 both inside and outside the kidney) into
trachea was isolated and cut to facilitate spontaneousa bilaterally nephrectomized SHR recipient (SHR progenitor strain)
yields the SHR model harboring the segment of BN chromosome 1 respiration, and a femoral vein and artery were cannu-
only inside the kidney (SHRcshr). In the SHR congenic donor, the lated for intravenous infusion of solutions and for sam-hatched vertical bar inside the kidney and outside the kidney represents
pling arterial blood and measuring arterial blood pres-the differential segment of chromosome 1 transferred from the Brown
Norway rat. (B) Transplantation of a kidney from the donor SHR sure via a pressure transducer connected to a polygraph.
progenitor strain into a bilaterally nephrectomized SHR congenic strain A midline abdominal incision was made, and the ureter[that harbors a segment of the Brown Norway (BN) chromosome 1 in
and renal vein were cannulated. Then, a priming injec-extrarenal tissues] yields the congenic SHR model harboring the seg-
ment of BN chromosome 1 only in extrarenal tissues. This chromosome tion of inulin and para-aminohippuric acid (PAH) was
segment denoted by the hatched vertical bar does not represent extra given intravenously (2 mL per kg body wt of 10 g% inulingenetic material. This indicates that the endogenous segment of SHR
and 400 mg% PAH dissolved in 150 mmol/L NaCl). Thischromosome 1 has been replaced by the corresponding segment of BN
chromosome 1. was followed by a continuous intravenous infusion of
inulin and PAH (0.055 mL/min of 3.6 g% inulin and 290
mg% PAH dissolved in 150 mmol/L NaCl). After a one-
hour equilibration period, two consecutive 40-minute
the recipient. A midline incision was made, and the left clearance periods were begun. Urine was collected in
kidney was removed after transecting the ureter near preweighed micro test tubes, and arterial and renal ve-
the hilum, the renal artery near its origin (or distal to nous blood samples (0.4 mL total) were collected at
the inferior adrenal artery if it arose from the renal artery the clearance midpoints. The blood was centrifuged, and
rather than from the aorta), and the renal vein near the the plasma and urine were frozen until analyzed as de-
kidney, leaving the adrenal and spermatic veins patent. scribed later in this article.
With this method, the circulation of the adrenal gland
Analyses, calculations, and statisticsremained intact. The donor kidney was placed on an ice-
cold cooling coil during anastomosis of the vessels: end- Inulin and PAH concentrations in urine and in plasma
to-side of the donor kidney’s artery and the recipient’s filtrates were determined by spectrophotometry [25]. In-
aorta, and end-to-end of the donor kidney’s and the ulin clearance was taken as the glomerular filtration rate
recipient’s renal veins. The vessels were unclamped, and (GFR), and PAH clearance corrected by PAH extraction
was taken as the total renal plasma flow. Na and Kthe cooling coil was removed. The donor kidney’s and the
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Table 1. Effects of renal autotransplantation on systolic blood pressure as measured by radiotelemetry
Days 1–40 Days 44–48 Days 51–55
Experimental group N Surgical procedure (normal salt diet) (high salt diet) (normal salt diet)
SHRuni 9 Unilateral nephrectomy 183.63.3 203.04.4d 189.44.6
SHRshr 8 Autotransplantation 169.22.8a 187.23.2a,d 165.63.1a
CSHRuni 6 Unilateral nephrectomy 163.62.7a 178.63.0a,d 165.03.5a
CSHRcshr 6 Autotransplantation 155.93.6a,b 171.34.3a,b,d 151.62.5a,b,c
Each value represents the mean  SEM of systolic blood pressures (mm Hg) sampled continuously throughout the day and night over the time periods indicated.
Abbreviations are: SHRuni and CSHRuni, unilaterally nephrectomized SHR and congenic SHR (CSHR) with native left kidneys (no transplantation); SHRshr, bilaterally
nephrectomized SHR recipient of a single-donor kidney transplanted from the SHR strain (SHR autotransplant control); CSHRcshr, bilaterally nephrectomized CSHR
recipient of a single-donor kidney transplanted from the CSHR strain (CSHR autotransplant control); N, numbers of rats in each group.
a Statistically significant difference compared to the SHRuni group
b Statistically significant difference compared to the SHRshr group
c Statistically significant difference compared to the CSHRuni group
d Statistically significant difference compared to days 1–40 and days 51–55
concentrations in urine and plasma were measured by kidney, and bilaterally nephrectomized recipients with
a transplanted and therefore denervated kidney, wereflame photometry, using internal Li standardization. The
values measured during the two clearance periods were not unexpected. Several studies have reported that renal
denervation delays the onset and progression, but doesaveraged to obtain single values of each parameter for
each rat, and these were used to calculate group aver- not prevent the ultimate full expression, of spontaneous
hypertension [26–29]. Because the renal transplantationages, which are expressed as means  SEMs. The blood
pressure data obtained by radiotelemetry were analyzed procedure itself affects arterial pressure, all results in the
renal cross-transplant groups were compared to thoseas follows. In each rat, systolic, diastolic and mean arte-
rial pressures were determined every heart beat during in autotransplant controls. The blood pressures of the
congenic rats (nephrectomized CSHRuni group and thea 5-second interval every 5 minutes, 24 hours a day. The
heart rate in rats is 5 Hz. Therefore, these pressures CSHRcshr autotransplant group) were significantly lower
than those of similarly treated SHR rats (SHRuni andwere determined 25 separate times during each five-
second interval. These individual values were used to SHRshr groups), consistent with the previously reported
finding of lower blood pressure in the SHR chromosome 1calculate average systolic, diastolic, and mean arterial
congenic strain [20].blood pressures each five-minute period. In turn, these
Table 2 shows a comparison of the overall averages5-minute averages were averaged over two 12-hour peri-
of systolic blood pressure in the cross transplant groupsods, corresponding to the 12-hour light and 12-hour dark
versus the autotransplant controls. Systolic blood pres-cycles, yielding averages of systolic, diastolic, and mean
sures were virtually identical in the two cross-transplantpressures during the day and during the night. Thus,
groups (SHRcshr and CSHRshr) and in the CSHRcshr group.each of these 12-hour averages represents the averages
In contrast, systolic blood pressures in these three groupsof 3600 separate determinations in each rat. Group
were all significantly lower than in the SHRshr group.averages were calculated by averaging the 12-hour aver-
Similar results were obtained for diastolic blood pressureages of individual rats. Statistical analyses were per-
(data not shown). Thus, the rank order of blood pressureformed by analysis of variance or repeated-measures
in the four groups of transplant recipients was SHRshr analysis of variance and the Student–Newman–Keuls test
SHRcshr  CSHRshr CSHRcshr. It follows that one orfor pair-wise comparisons of the mean responses of the
more genes on chromosome 1 of the Brown Norwaydifferent experimental groups.
rat lower blood pressure to virtually the same extent,
whether the BN genes are expressed only in the kidney
RESULTS (as in the SHRcshr) or only in extrarenal tissues (as in the
To determine the effect of the transplantation proce- CSHRshr). However, the effects of combined renal and
dure on blood pressure, we first compared rats under- extrarenal expression are not additive, because pressure
going autotransplantation of a single kidney (SHRshr and was not lower in CSHRcshr than in the two cross-trans-
CSHRcshr groups) to unilaterally nephrectomized, non- plant groups.
transplant control rats (SHRuni and CSHRuni). Systolic During the seventh week of the study, administration
pressures were lower in the transplant groups than in the of supplemental dietary NaCl induced similar increases
unilaterally nephrectomized controls (Table 1). Similar in systolic and diastolic pressures in all groups (Table
results were obtained for diastolic pressure (data not 2). Blood pressure appeared to go up slightly more with
NaCl loading in the CSHRshr group than in the SHRcshrshown). The differences in arterial pressure between uni-
laterally nephrectomized rats with an innervated native group or the CSHRcshr group, but the differences were
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Table 2. Effects of intrarenal versus extrarenal chromosome transfer on systolic blood pressure as measured by radiotelemetry
Days 1–40 Days 44–48 Days 51–55
Experimental group N Chromosome 1 transfer (normal salt diet) (high salt diet) (normal salt diet)
SHRshr 8 Autotransplant control 169.22.8 187.23.2b 165.63.1
SHRcshr 7 Intrarenal transfer 152.13.4a 168.45.2a,b 151.04.0a
CSHRshr 7 Extrarenal transfer 155.64.8a 176.24.4b 155.63.1a
CSHRcshr 6 Intra- and extrarenal transfer 155.93.6a 171.34.3b 151.62.5a
Each value represents the mean  SEM of systolic blood pressures (mm Hg) sampled continuously throughout the day and night over the time periods indicated.
Abbreviations are: SHRshr, bilaterally nephrectomized SHR recipient of a single-donor kidney transplanted from the SHR strain (SHR autotransplant control);
SHRcshr, bilaterally nephrectomized SHR recipient of a single-donor kidney transplanted from the congenic SHR strain (cross-transplant group expressing a segment
of Brown-Norway chromosome 1 selectively inside the kidney); CSHRshr, bilaterally nephrectomized congenic strain (CSHR) recipient of a single-donor kidney
transplanted from the SHR strain (cross-transplant group expressing a segment of Brown-Norway chromosome 1 selectively outside the kidney); CSHRcshr, bilaterally
nephrectomized CSHR recipient of a single-donor kidney transplanted from the CSHR strain (CSHR autotransplant control expressing a segment of Brown-Norway
chromosome 1 inside and outside the kidney).
a Statistically significant difference compared to the SHRshr group
b Statistically significant difference compared to days 1–40 and days 51–55
Table 3. Effects of intrarenal versus extrarenal chromosome transfer on heart rate as measured by radiotelemetry
Days 1–40 Days 44–48 Days 51–55
Experimental group N Chromosome 1 transfer (normal salt diet) (high salt diet) (normal salt diet)
SHRshr 8 Autotransplant control 3174b,c 3104a,c 3004a,b
SHRcshr 7 Intrarenal transfer 3184c 3062 3075a
CSHRshr 7 Extrarenal transfer 3063c 3103c 3014a,b
CSHRcshr 6 Intra- and extrarenal transfer 3204 3116 3095
Each value represents the mean  SEM of heart rate (beats per minute) sampled continuously throughout the day and night over the time periods indicated.
Differences between transplant groups were not statistically significant. Abbreviations are in Table 2.
a Statistically significant difference compared to days 1–40
b Statistically significant difference compared to days 44–48
c Statistically significant difference compared to days 51–55
not statistically significant. Blood pressures fell in all DISCUSSION
groups during the eighth week when normal dietary To accomplish the selective renal or extrarenal ex-
NaCl was restored. Heart rates were similar in the four change of specific chromosome regions, we combined re-
transplant groups and tended to fall slightly over the nal cross-transplantation techniques with congenic strain
course of the study (Table 3). technology. By performing renal cross transplants be-
The 12-hour daytime and nighttime averages of arte- tween the SHR and a congenic strain of SHR (CSHR)
rial pressure throughout the course of the study are shown that harbors a segment of chromosome 1 from the Brown
in Figures 2, 3, and 4. The results from the two cross- Norway rat, we have been able to selectively transfer the
transplant groups and the CSHRcshr group are presented differential segment of chromosome 1 either inside the
in three separate figures because the data points virtually kidney or outside the kidney. The exchange of a defined
overlap each other. Each point in these figures represents
segment of chromosome 1 in the SHR with the corre-
the group means calculated from the averages of3,600
sponding chromosome region of the BN rat is sufficientseparate determinations in each individual rat. Diurnal
to attenuate hypertension when selectively achieved ei-variations in systolic and diastolic pressures were present
ther inside the kidney or outside the kidney. Moreover,in all groups. The differences in blood pressure between
when this chromosome region is selectively exchangedthe SHRshr rats and the other three transplant groups
outside the kidney, the effect on blood pressure is similarwere evident throughout the duration of the study.
to that which occurs with selective chromosome ex-After eight weeks of telemetry blood pressure moni-
change inside the kidney. Thus, in spontaneous hyper-toring, measurements were obtained for body weight,
tension, naturally occurring genetic variants exist thatkidney weight, and renal function. Body weights and
can regulate blood pressure when selectively expressedkidney weights were similar in all transplant groups (Fig.
either inside or outside the kidney. In contrast to the5). In addition, there were no differences in glomerular
long-held view of the overriding importance of kidneyfiltration rate, renal plasma flow, or urinary electrolyte
genotype in the regulation of blood pressure in spontane-excretion between the groups (Table 4). Renal function
ous hypertension, the current results indicate that extra-measurements in the transplant groups were also similar
renal genotype can also be an important determinant ofto those in unilaterally nephrectomized, nontransplant
controls (data not shown). inherited variation in blood pressure.
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Fig. 2. Blood pressure effects of selective in-
trarenal expression of a segment of Brown-
Norway (BN) chromosome 1 in the spontane-
ously hypertensive rat (SHR). The plots show
12-hour averages of systolic and diastolic pres-
sures in bilaterally nephrectomized SHR re-
cipients of SHR donor kidneys [(,) SHRshr;
N  8] and bilaterally nephrectomized SHR
recipients of congenic SHR donor kidneys
[(,) SHRcshr; N 7]. Pressures were deter-
mined every heart beat for a 5-second interval
every 5 minutes, 24 hours per day. These indi-
vidual determinations were averaged over two
12-hour periods, corresponding to the day and
night light cycle. The group averages shown
were calculated by averaging the 12-hour av-
erages of individual rats. A 1% NaCl solution
was substituted for tap water during the sev-
enth week, but otherwise the rats were fed a
normal salt diet.
Fig. 3. Blood pressure effects of selective ex-
trarenal expression of a segment of BN chro-
mosome 1 in the SHR. Plots show 12-hour
averages of systolic and diastolic pressures in
bilaterally nephrectomized SHR recipients of
SHR donor kidneys [(, ) SHRshr; N  8]
and bilaterally nephrectomized congenic SHR
recipients of SHR donor kidneys [(, )
CSHRshr; N  7]. Additional details are in the
Figure 2 legend.
The rank order of blood pressures in the different lacking the SHR chromosome 1 genotype (CSHRcshr).
Thus, to increase blood pressure (compared with that intransplant groups SHRshrSHRcshrCSHRshrCSHRcshr
provides information on the potential interaction of in- the congenic strain), the SHR chromosome 1 genotype
must be expressed both inside the kidney and outsidetrarenal and extrarenal genotypes in the regulation of
blood pressure. The blood pressure in rats that carried the kidney, that is, expression of the SHR chromosome
1 genotype both inside the kidney and outside the kidneythe SHR chromosome 1 genotype both inside the kidney
and outside the kidney (SHRshr) was greater than that is necessary to increase blood pressure. Hence, in the
SHR progenitor strain, selective replacement of the SHRin the other transplant groups. However, the blood pres-
sure in rats harboring the SHR chromosome 1 genotype genotype by the BN genotype either inside the kidney
or outside the kidney is sufficient to decrease blood pres-only in the kidney (CSHRshr), or only in extrarenal tissues
(SHRcshr), was not greater than that in rats completely sure. The decrease in blood pressure achieved by com-
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Fig. 4. Blood pressure effects of combined
intrarenal and extrarenal expression of a seg-
ment of BN chromosome 1 in the SHR. Plots
show 12-hour averages of systolic and diastolic
pressures in bilaterally nephrectomized SHR
recipients of SHR donor kidneys [(, )
SHRshr; N 8] and bilaterally nephrectomized
congenic SHR recipients of congenic SHR do-
nor kidneys [(, ) CSHRcshr; N  6]. Addi-
tional details are in the Figure 2 legend.
Fig. 5. Average body weights (A) and kidney
weights (B) in each group determined at the
end of the study.
Table 4. Effects of intrarenal versus extrarenal chromosome transfer on renal function
GFR RPF UNaV UKV
Experimental group N Chromosome 1 transfer mL/min1/kg1 lmol/L/min1/kg1
SHRshr 3 Autotransplant control 6.40.6 242 3.62.0 5.60.3
SHRcshr 7 Intrarenal transfer 6.40.4 273 4.80.6 5.60.5
CSHRshr 7 Extrarenal transfer 6.30.2 262 5.61.1 5.30.3
CSHRcshr 6 Intra- and extrarenal transfer 6.30.4 262 3.61.2 5.80.7
Each value represents the mean  SEM. Abbreviations are in Table 2 and: UNaV, urinary excretion of sodium; UKV, urinary excretion of potassium; GFR,
glomerular filtration rate; RPF, renal plasma flow. Differences between transplant groups were not statistically significant.
bined intrarenal and extrarenal replacement of the SHR the BN chromosome 1 genotype inside the kidney and
outside the kidney are not additive. Although a numbergenotype by the BN genotype was no greater than that
achieved by selective intrarenal or extrarenal replace- of mechanisms might account for these observations,
one possibility could involve enhanced production of anment alone. Thus, (1) the antihypertensive effects of
expressing the BN chromosome 1 genotype either inside antihypertensive substance in tissues that harbor the BN
genotype and that the enhanced production of this sub-the kidney or outside the kidney can dominate any pres-
sor effects conferred by the SHR chromosome 1 geno- stance either inside the kidney or outside the kidney is
sufficient to attenuate hypertension in the SHR.type, and (2) the antihypertensive effects of expressing
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We also investigated whether selective intrarenal ver- Blood pressure is greater in a unilaterally nephrecto-
mized rat with a solitary native (innervated) kidney thansus extrarenal expression of the differential chromosome
segment was associated with differential effects on NaCl- in a bilaterally nephrectomized rat with a solitary trans-
planted (denervated) kidney. Therefore, in cross trans-induced changes in blood pressure. The increases in
blood pressure induced by supplemental dietary NaCl plant studies, unilaterally nephrectomized controls are
insufficient as the blood pressure effects of renal dener-(15 to 20 mm Hg) were similar among the four trans-
plant groups. Thus, at least over the short-term observa- vation associated with transplantation must be consid-
ered. Accordingly, we used autotransplant controls in alltion period of the current study, the differential segment
of chromosome 1 does not appear to exert major effects analyses. Finally, to adequately test for small to moder-
ate effects of renal or extrarenal genotype on blood pres-on salt sensitivity whether selectively expressed inside
the kidney or outside the kidney. These findings are sure, ultrahigh-fidelity techniques, that is, radioteleme-
try, should be used for blood pressure phenotyping.consistent with the results of recent studies in a chromo-
some 1 congenic subline indicating that this region of Based on the results of previous renal cross-transplant
studies between hypertensive and normotensive strainschromosome 1 does not play a significant role in the
differential blood pressure response of the SHR and BN of rats, the potential role of extrarenal genotype in the
pathogenesis of essential hypertension has largely beenprogenitor strains to supplemental dietary NaCl [20, 21].
However, these results do not exclude a possible role discounted. The current findings would appear to chal-
lenge the results of previous transplant studies designedfor this segment of chromosome 1 (expressed either intra-
renally or extrarenally) in the long-term blood pressure to investigate the role of renal versus extrarenal geno-
type in hypertension. However, when the results of theseresponse to prolonged administration of supplemental
dietary NaCl. previous studies are scrutinized in detail, it becomes ap-
parent that they provide little support for the conceptThe current findings are valid only to the extent that
several potentially confounding factors were avoided. that renal genotype is the sole determinant of blood
pressure. To illustrate, in studies in SHR or SHRsp ratsFirst, pretransplant hypertensive damage to donor kidneys
should be minimized because kidney damage per se can in which F1 hybrids of hypertensive and normotensive
strains are used as transplant recipients, blood pressurelead to hypertension. Given that both the SHR and SHR
congenic strains are hypertensive and that their blood does not consistently “travel” with the kidneys. Whereas
an SHR or an SHRsp donor kidney consistently increasespressures differ by only15 mm Hg, a pre-existing strain
difference in renal damage is unlikely to be a major con- the blood pressure of the respective F1 recipient, a WKY
donor kidney usually fails to decrease the pressure offounding factor in these experiments. Moreover, had pre-
existing renal damage affected the results, the blood pres- the F1 recipient [7, 10, 12, 13]. Although F1 recipients
of WKY donor kidneys have been reported to have lowersure of CSHRshr would have exceeded that of CSHRcshr,
and this was not the case. Second, kidney damage during blood pressures than unilaterally nephrectomized F1
controls [9, 11], such controls are inadequate because oftransplantation (for example, due to warm ischemia),
surgical problems (for example, stenosed renal artery), the effects of renal denervation on blood pressure [26–29].
In the Dahl cross-transplant model, blood pressure trav-and immunologic rejection must all be avoided. Several
of our observations militate against any of these factors eled in both directions with the kidney in one study [1]
but not in three others [2, 3, 30]. Moreover, Morgan etplaying a role. For example, kidney weight, renal hemo-
dynamics, and excretory function were similar among all al have clearly demonstrated that transplanting a kidney
from a normotensive Dahl salt-resistant rat into a Dahlgroups including the unilaterally nephrectomized, non-
transplant controls. Although the SHR progenitor strain salt-sensitive rat fails to normalize blood pressure in the
environmental circumstance of a high-salt diet [3]. Inand SHR congenic strain share the same major histocom-
patibility complex on chromosome 20, it is theoretically addition, the finding that molecular variants in adrenal
steroid biosynthesis can contribute to the differences inpossible that genes for minor histocompatibility antigens
might exist within the differential segment of chromo- blood pressure between Dahl salt-sensitive and Dahl
salt-resistant rats further suggests that renal genotype issome 1 and promote immune-mediated renal damage
in the cross transplant groups. However, there was no not the sole determinant of blood pressure in this model
[31, 32]. Finally, in cross transplant studies in Milan rats,evidence of rejection-induced damage, because renal he-
modynamics and excretory function were virtually the blood pressure traveled in both directions with the kid-
ney in one study [4] but not another [5], and in bothsame in the CSHRcshr (in which the recipient and donor
kidney had identical genotypes) as in the two cross-trans- instances, the investigators speculated that compromised
renal function, due to surgical problems and/or to immu-plant groups. Third, appropriate controls must be used.
Transplanted kidneys are denervated kidneys, and it is nosuppressants, could have significantly affected the re-
sults. Thus, neither the current results or the previouswell established that renal denervation delays the onset
and progression of spontaneous hypertension [26–29]. results support the widespread belief that “blood pres-
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was the driving force behind these experiments and whose dedicationsure is determined by the genotype of the donor kidney
to research remains a source of inspiration to us all. The authors thank
and not the genotype of the recipient.” The results indi- Drs. Karen Griffin, Michal Pravenec, and Joseph Dunbar for their
helpful comments regarding these studies.cate that in spontaneous hypertension, both the intrare-
nal genotype and the extrarenal genotype can be impor-
Reprint requests to Theodore W. Kurtz, MD., 505 Parnassus Avenue,
tant determinants of blood pressure. Room L-518, UCSF Medical Center, Box 0134, San Francisco, Califor-
nia 94143-0134, USA.Blood pressure is a complex, multigenic trait that is
E-mail: KurtzT@Labmed2.ucsf.eduknown to be influenced by neurogenic and hormonal
factors that emanate from outside the kidney. Moreover,
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